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ABSTRACT 
I n this p a p e r  we  p r e se nt a  ne w a p p r o a c h to  the  p r o c e ssing o f mo le c ule  d yna mic s.  T he  me tho d  p e r fo r ms th e  
tr a c king o f a  c ha nne l in a  se q ue nc e  o f mo le c ule  sna p sho ts whic h r e p r e se nt a to m p o sitio ns in the  mo le c u le  in 
c e r ta in time  inte r va ls.  T he  c e nte r line  o f the  tr a c k e d  c ha nne l is r e fine d  using the  D e la una y tr ia ngula t io n fr o m the  
a c tua l sna p sho t r e sulting in a  ne w o p timiz e d  c e nte r line .  T his me tho d  a llo ws us e a sily to  a nima te  the  b e ha vio ur  o f 
the  c ha nne l in the  se q ue nc e .  T he  me tho d  c a n a lso  b e  use d  to  d e te c t the  c ha nne l ge o me tr y in sna p sho ts,  whe r e  
r e c e nt me tho d s a r e  no t a b le  to  find  this c ha nne l.  I n a d d itio n,  the  me tho d  yie ld s info r ma tio n a b o ut c ha nne l 
p a r a me te r s whic h va r y o ve r  time .  W e  c a n e va lua te  o p e ning a nd  c lo sing o f the  inp ut c ha nne l.  
Keywords 
c ha nne l,  p r o te in d yna mic s,  tr a c king,  V o r o no i d ia gr a m,  D e la una y tr ia ngula tio n 
1. INTRODUCTION 
B io c he mists usua lly wa nt to  o b se r ve  the  b e ha vio ur  o f 
a  p r o te in in a  p a r tic ula r  p a r t o f the  mo le c ule ,  e . g .  to  
o b se r ve  the  e xit r o ute  o f a  sub str a te .  Cha nne ls a s 
d e fine d  in [ M e d 0 7 ]  c a n b e  use d  to  visua liz e  this 
info r ma tio n.  A c ha nne l whic h le a d s thr o ugh a n e mp ty  
sp a c e  in the  mo le c ule  c a n fo r  e xa mp le  b e  wid e  fo r  a  
signific a nt p e r io d  o f time  o r  the  sub str a te  might 
initia te  the  o p e ning o f a  na r r o w c ha nne l whe n p a ssi ng 
b y.  T his info r ma tio n he lp s c he mists to  p r e d ic t the  
b e ha vio ur  o f a  mo le c ule  b e fo r e  p e r fo r ming r e a l 
e xp e r ime nts.  
M o st o f the  me tho d s o f c ha nne l c o mp uta tio n a r e  
d e signe d  to  p r o c e ss a  single  sta tic  p r o te in mo le c ul e .  
T he r e  a r e  o nly a  fe w me tho d s fo r  a na lysing the  
d yna mic s o f p r o te in mo le c ule s.  Sinc e  the  d yna mic s o f 
a  p r o te in mo le c ule  is a  c o ntinuo us mo ve me nt,  it is 
sa mp le d  into  a  se q ue nc e  o f sna p sho ts r e p r e se nting 
a to m p o sitio ns in give n time  inte r va ls.  T he  sna p sho ts 
a r e  usua lly a ligne d  so  tha t the  glo b a l p o sitio n a nd  
r o ta tio n o f the  mo le c ule  is fixe d  in a ll sna p sho ts a nd  
the  sna p sho ts o nly r e p r e se nt lo c a l mo ve me nt o f 
a to ms.     
Re c e nt me tho d s typ ic a lly p r o c e ss e a c h o f the se  
sna p sho ts se p a r a te ly a s sta tic  mo le c ule s a nd  c luste r  
o b ta ine d  r e sults a t the  e nd  o f the  c o mp uta tio n.  
T he r e fo r e ,  no ne  o f the se  me tho d s is sp e c ia liz e d  fo r  
tr a c king a  c e r ta in c ha nne l thr o ugho ut the  who le  
se q ue nc e .  T he  visua liz a tio n o f this info r ma tio n c a n  
imp r o ve  the  p r o c e ss o f p r o te in a na lysis signific a nt ly.  
T he  me tho d  p r o p o se d  in this p a p e r  is a b le  to  d e te c t  a  
p a r tic ula r  c ha nne l in e a c h sna p sho t o f the  d yna mic s  
a nd  the  r e sulting c ha nne ls a r e  sp a tia lly c lo se  to  e a c h 
o the r .  T his a llo ws us to  a nima te  the  p r o gr e ss o f a  
c ha nne l o ve r  time  e a sily.   
W e  c a n use  a lso  this me tho d  to  c o mp ute  a  c ha nne l in  
the  sna p sho ts,  whe r e  the  c la ssic  a p p r o a c he s a r e  no t  
a b le  to  d e te c t this c ha nne l sinc e  the y c o mp ute  o nly  
limite d  numb e r  o f c ha nne ls in e a c h sna p sho t.  
H o we ve r ,  the r e  a r e  situa tio ns whe r e  we  ne e d  to  kno w  
the  c ha nne l ge o me tr y in e a c h sna p sho t.  U sing the  
p r o p o se d  me tho d ,  the  missing c ha nne l c a n b e  
c o mp ute d  fr o m the  sur r o und ing sna p sho ts whe r e  the  
c ha nne l ge o me tr y is kno wn.   
T he  ma in a d va nta ge  o f the  p r o p o se d  me tho d  is no t 
o nly to  imp r o ve  the  visua liz a tio n o f c ha nne l p r o gr e ss 
o ve r  time .  As d e mo nstr a te d  in the  r e sults se c tio n,  the  
P er mi ssi o n  t o  make d i gi t al  o r  h ar d  co p i es o f al l  o r  p ar t  o f 
t h i s wo r k fo r  p er so n al  o r  cl assr o o m u se i s gr an t ed  wi t h o u t  
fee p r o vi d ed  t h at  co p i es ar e n o t  mad e o r  d i st r i b u t e d  fo r  
p r o fi t  o r  co mmer ci al  ad van t age an d  t h at  co p i es b ear  t h i s 
n o t i ce an d  t h e fu l l  ci t at i o n  o n  t h e fi r st  p age.  To  co p y 
o t h er wi se,  o r  r ep u b l i sh ,  t o  p o st  o n  ser ver s o r  t o  
r ed i st r i b u t e t o  l i st s,  r eq u i r es p r i o r  sp eci fi c p er m i ssi o n  
an d / o r  a fee.  
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o ve r a ll e va lua tio n o f c ha nne ls c o mp ute d  b y this 
me tho d  c a n a lso  b r ing ne w info r ma tio n a b o ut 
mo le c ule  a nd  c ha nne l b e ha vio ur .   
2. RELATED WORK 
Fo r  the  c o mp uta tio n o f c ha nne ls in sta tic  mo le c ule s  
the r e  ha ve  b e e n ma ny d iffe r e nt me tho d s p r o p o se d .  
All the se  me tho d s p r o c e ss the  mo le c ule  a s a  
ge o me tr ic  mo d e l whe r e  e a c h a to m c o r r e sp o nd s to  a  
sp he r e  with give n p o sitio n a nd  r a d ius in the  thr e e -
d ime nsio na l sp a c e .  O the r  b io c he mic a l p r o p e r tie s a r e  
no t c o nsid e r e d .  A c ha nne l in the  mo le c ule  ( a lso  
r e fe r r e d  to  a s tunne l)  is d e fine d  a s a  c e nte r line  a nd  
the  vo lume  ( [ M e d 0 7 ] ,  Fig.  1 ) .  A c e nte r line  is a  
c o ntinuo us c ur ve  a nd  the  vo lume  is fo r me d  b y the  
unio n o f sp he r e s inse r te d  a t e a c h p o int o f the  
c e nte r line .  T he  r a d ius o f a ll the se  inse r te d  sp he r e s is 
ma xima l so  tha t it d o e s no t inte r se c t a ny o the r  a to m 
in the  mo le c ule .  
An a p p r o a c h intr o d uc e d  in [ P e t0 6 ]  is b a se d  o n sp a c e  
r a ste r isa tio n.  T his a p p r o a c h suffe r s fr o m se ve r a l 
d isa d va nta ge s r e sulting fr o m d isc r e te  sa mp ling.   
O the r  me tho d s [ M e d 0 7 ,  P e t0 7 ,  Y a f0 8 ]  a r e  b a se d  o n 
the  D e la una y tr ia ngula tio n ( D T )  a nd  the  V o r o no i 
D ia gr a m ( V D )  c o mp ute d  fo r  the  mo le c ule .  T he se  
me tho d s a r e  fa ste r ,  mo r e  p r e c ise  a nd  mo r e  e ffic ie nt  
tha n r a ste r ing so lutio ns.  H o we ve r ,  the y a r e  d e signe d  
to  p r o c e ss a  single  sta tic  mo le c ule  a nd  so  the y a r e  no t 
a b le  to  r e tur n info r ma tio n a b o ut c ha nne l p r o p e r tie s  
va r ying a c r o ss sna p sho ts ( suc h a s the  p r o gr e ss o f t he  
wid th o f a  c ha nne l o ve r  time ) .  N e ve r the le ss,  the  
c ha nne ls a nd  the ir  tr a j e c to r ie s in the  sta tic  sna p s ho ts 
c a n b e  use d  a s a n inp ut fo r  the  tr a c king me tho d  
p r o p o se d  in this p a p e r .  
A me tho d  whic h is a b le  to  d e te r mine  the  p r o gr e ss o f  
c ha nne ls in p r o te in mo le c ule s o ve r  time  is c a lle d  
mo le c ula r  d yna mic s ( M D )  [ Ald 5 9 ] .  A sma ll mo le c ule  
( sub str a te )  is p o sitio ne d  insid e  the  p r o te in mo le c u le  
a nd  a  p hysic a l simula tio n sta r ts.  Ra nd o m fo r c e s a r e  
a p p lie d  to  the  sub str a te  d ur ing the  simula tio n a nd  
c o llisio ns a nd  inte r a c tio ns o f the  sub str a te  with t he  
p r o te in a r e  e va lua te d .  I t is p r o b a b le  tha t the  sub s tr a te  
mo le c ule  r e a c he s the  p r o te in sur fa c e .  T his me tho d  i s 
a b le  to  find  c e r ta in e xit r o ute  o f a  sub str a te  le a d ing 
fr o m a  give n p o sitio n insid e  the  p r o te in,  so  c a lle d  
a c tive  site ,  to  the  p r o te in sur fa c e .  N o te  tha t this  
me tho d  d o e s no t r e q uir e  the  who le  d yna mic s to  b e  
c o mp ute d  b e fo r e  sta r ting the  simula tio n ( a c tua lly,  it 
c o mp ute s the  d yna mic s itse lf in a  r un-time  
simula tio n) .  T he  mo ve me nts o f a to ms a r e  c o mp ute d  
c o ntinuo usly d ur ing the  simula tio n a c c o r d ing to  the  
r e sult o f fo r c e  inte r a c tio ns.  T he  me tho d  is imme nse ly 
time  c o nsuming ( o ne  simula tio n ta ke s ho ur s to  d a ys 
to  e va lua te ) .  D ue  to  the  a p p lic a tio n o f r a nd o m fo r c e s,  
it is no t gua r a nte e d  tha t a  c ha nne l is fo und .  I f a  
c ha nne l is no t d e te c te d ,  it d o e s no t me a n tha t this  
c ha nne l d o e s no t e xist.  
T he  c o mp le x a p p r o a c h p r o p o se d  in [ B e n0 9 ]  r e q uir e s 
a  se q ue nc e  o f sna p sho ts to  b e  kno wn in a d va nc e ,  
e ithe r  fr o m so me  r e a l sc r e e ning o r  e xisting 
simula tio n.  I t c o mp ute s c ha nne ls in sna p sho ts 
se p a r a te ly using a ny me tho d  fo r  the  c o mp uta tio n o f 
c ha nne ls in a  sta tic  mo le c ule  a nd  c luste r s the m 
a fte r wa r d s fo r  the  who le  d yna mic s.  E a c h c luste r  
r e p r e se nts the  p r o gr e ss o f a  p a r tic ula r  c ha nne l 
thr o ugho ut the  d yna mic s.  Sinc e  the  me tho d s fo r  the  
c o mp uta tio n o f c ha nne ls in a  single  sna p sho t p r o d uc e  
o nly a  limite d  numb e r  o f c ha nne ls,  it is p r o b a b le  t ha t 
Figure 1. (a) Demonstration of a channel. This channel is ideal, i.e. its centerline leads along Voronoi 
edges. (b) Channels computed in a real static molecule and visualized using pyMol software. 
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so me  c luste r s will no t c o ve r  the  who le  se q ue nc e .  W e  
c a n c o nsid e r  a  d yna mic  c ha nne l to  b e  c lo se d  in the  
sna p sho ts,  whe r e  the  c luste r  p r o vid e s no  info r ma tio n 
a b o ut the  ge o me tr y o f this d yna mic  c ha nne l.  
H o we ve r ,  this c o mp lic a te s the  visua liz a tio n o f the  
c ha nne l d yna mic s.  
3. PROPOSED METHOD 
T he  me tho d  p r o p o se d  in this p a p e r  is a b le  to  tr a c k the  
p r o gr e ss o f a  sp e c ific  p a r t o f the  p r o te in mo le c ule  
o ve r  time .  T he  sp e c ific  p a r t is d e sc r ib e d  b y a  c ha n ne l.  
I ts c e nte r line  is r e fe r r e d  to  a s initial trajectory  fo r  
fur the r  tr a c king.   
T he  initia l tr a j e c to r y c a n b e  the  c e nte r line  o f a n 
a lr e a d y kno wn imp o r ta nt c ha nne l o r  it c a n a lso  b e  a n 
e xit r o ute  o f a  sub str a te  c o mp ute d  b y mo le c ula r  
d yna mic s.   
Algorithm 
I n e a c h sna p sho t,  we  o p timiz e  the  initia l tr a j e c to r y so  
tha t the  c ha nne l fo r me d  b y this tr a j e c to r y ha s the  
ma xima l p o ssib le  vo lume .  I f we  d o  no t o p timiz e  the  
tr a j e c to r y,  the  c ha nne l c a n b e  ve r y na r r o w o r  it c a n 
e ve n ha ve  z e r o  o r  ne ga tive  wid th ( se e  Fig.  2 a ) .  T he  
o p timiz e d  tr a j e c to r y fo llo ws e d ge s o f a  V o r o no i 
d ia gr a m o f the  p r o te in mo le c ule  ( Fig.  2 b )  a nd  thus the  
r e sulting c ha nne l c a n b e  muc h wid e r  ( se e  Fig.  2 c ) .   
T he  a lgo r ithm utiliz e s the  d ua lity b e twe e n V D  a nd  
D T .  T he  initia l tr a j e c to r y is ma p p e d  o nto  a  se q ue nc e  
o f te tr a he d r a  in the  D T .  T his se q ue nc e  c a n b e  
c o nve r te d  to  V o r o no i e d ge s e a sily.  
T he  initia l tr a j e c to r y is r e p r e se nte d  a s a  p o lyline  with 
ve r tic e s p1 , . . . , pn .  T he se  inp ut p o ints d e fine  n-1  line  
se gme nts.  Fo r  e a c h o f the  se gme nts < pi,  pi+1 >  
( i= 1,...,n-1 )  the  te tr a he d r o n T actual  c o nta ining pi is 
lo c a te d  a nd  ma r ke d  a s a c tua l.  T he n we  d e te r mine  the  
te tr a he d r o n sid e  s whic h inte r se c ts the  r a y b e twe e n pi 
a nd  pi+1 .  As the  ne xt ste p  we  mo ve  into  the  
te tr a he d r o n T new whic h sha r e s the  sid e  s with a c tua l 
te tr a he d r o n T actual .  Fina lly,  T new is ma r ke d  a s a c tua l.  
T he  p r o c e ss is d e p ic te d  in Fig.  3 .  T he  line  se gme nt  
Input:  initial trajectory t = p1..pn, 
        tetras of DT for the actual  
        snapshot 
Output: optimized trajectory 
for each <pi, pi+1>, i ∈ 1..n-1 
{ 
  Tactual = tetra containing pi; 
  while (Tactual not contains pi+1) 
  { 
     s = side of Tactual intersected  
         by <pi, pi+1>; 
     Tnew = tetra sharing s with Tactual; 
     // function c(T) returns center 
     // of gravity for tetrahedron T 
     output(<c(Tactual),c(Tnew)>); 
     Tactual = Tnew;    
  } 
} 
Algorithm 1. The optimization of an initial 
trajectory in a single snapshot of a molecule. 
Figure 2. (a) Initial trajectory (dashed polyline) and the corresponding channel, (b) Voronoi diagram 
with optimized trajectory emphasized, (c) Channel defined by optimized trajectory 
Figure 3. The demonstration of the algorithm 
for the segment <pi, pi+1> 
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< pi,  pi+1>  is sub stitute d  b y the  p o lyline  whic h is 
fo r me d  b y V o r o no i e d ge s a d j a c e nt to  the  te tr a he d r a  in 
the  D T  whic h we r e  tr a ve r se d  d ur ing the  a b o ve  
p r o c e d ur e .  T he  p r o c e d ur e  is summa r iz e d  in Alg.  1 .  
N o te  tha t the  imp le me nta tio n o f D e la una y 
tr ia ngula tio n e na b le s to  d e te r mine  a ll ne ighb o ur s o f a  
give n te tr a he d r a  in c o nsta nt time .  I n a d d itio n,  the  
ge o me tr y te st r e q uir e d  fo r  e a c h p r o c e sse d  te tr a he d r o n 
is the  c a lc ula tio n o f the  inte r se c tio n o f a  line  se gme nt 
a nd  a  tr ia ngle  ( te tr a he d r o n sid e )  in thr e e  d ime nsio ns,  
whic h is fa st a nd  simp le .  
Sinc e  e a c h se gme nt < pi,  pi+1 >  is r e p la c e d  b y the  
V o r o no i e d ge s d ua l to  the  te tr a he d r a  inte r se c te d  b y  
< pi,  pi+1 > ,  the  sp a tia l d ista nc e  b e twe e n initia l a nd  
o p timiz e d  tr a j e c to r y is the  minima l p o ssib le .    
N o tic e  tha t a lso  the  a p p r o a c h p r e se nte d  in [ M e d 0 7 ]  
with mino r  c ha nge s c o uld  b e  use d  to  ge t the  wid e st 
c ha nne l b e twe e n e a c h two  se gme nt e nd p o ints.  
N e ve r the le ss,  the  c o mp uta tio n wo uld  b e  mo r e  time  
c o nsuming a s the  D ij kstr a 's a lgo r ithm wo uld  b e  use d  
inste a d  o f fa st fo llo wing the  r a y-te tr a he d r a  
inte r se c tio ns in the  D T .  I n a d d itio n,  the  c ha nne l m ight 
b e  muc h lo nge r  a nd  its c e nte r line  might le a d  fa r  fr o m 
the  initia l tr a j e c to r y.  T his fa c t wo uld  c e r ta inly 
c o mp lic a te  the  smo o th a nd  c o ntinuo us a nima tio n o f a  
c ha nne l o ve r  time .   
Time complexity 
T he  time  r e q uir e d  to  c o mp ute  the  D e la una y 
tr ia ngula tio n is q ua d r a tic  with r e sp e c t to  the  numb e r  
o f a to ms in the  mo le c ule  [ P r e 8 5 ] .  T he  sub se q ue nt 
tr a c king o f a n inp ut tr a j e c to r y is line a r  with r e sp e c t to  
the  numb e r  o f a to ms.  T he  o ve r a ll c o mp le xity is 
O ( k * n 2 )  whe r e  n  is the  numb e r  o f a to ms a nd  k  is the  
numb e r  o f mo le c ule  sna p sho ts.  
T he  c o mp uta tio n time  c a n b e  r e d uc e d  b y c o mp uting 
o nly a  sub se t o f D e la una y tr ia ngula tio n whic h wo uld  
b e  lo c a te d  ne a r  the  inp ut tr a j e c to r y.  I f a  tr a j e c to r y 
c o ve r s o nly a  sma ll p a r t o f the  mo le c ule  the  
c o mp uta tio n time  c a n b e  r e d uc e d  signific a ntly.  
4. RESULTS 
T he  fir st d yna mic s a na lyse d  b y the  p r o p o se d  me tho d  
is the  p r o te in mo le c ule  1mj5  c o nsisting o f 5 0  
sna p sho ts.  T his se q ue nc e  wa s a c hie ve d  b y M D  
simula tio n o f the  mo le c ule  a nd  sub str a te .  T he r e fo r e ,  
the  e xit r o ute  o f the  sub str a te  is kno wn in this c a se .  
T his e xit r o ute  is use d  a s the  initia l tr a j e c to r y i n the  
c o mp uta tio n.  W he n we  visua liz e  the  r e sults o f the  
a na lysis,  we  c a n o b se r ve  the  sub str a te  initia te s 
o p e ning o f the  c ha nne l,  i. e .  the  c ha nne l ge ts wid e r  in 
p la c e s whe r e  the  sub str a te  p a sse s.   
D iffe r e nt typ e s o f visua liz a tio n o f the se  r e sults a r e  
d e p ic te d  in Fig.  4 .  Five  sna p sho ts ( 1 -5 )  a r e  c ho se n  
fr o m the  d yna mic s to  illustr a te  the  p r o gr e ss o ve r  t ime .  
T he  r e sults a r e  visua liz e d  in d iffe r e nt wa ys ( a -d ) .  T he  
fir st o f the m ( a )  sho ws the  e xit r o ute  o f a  sub str a te  
a nd  the  tr a j e c to r y o f this r o ute .  T he  o the r s sho w t he  
r e sulting c ha nne l with a  c e nte r line  lo c a te d  o n the  
o p timiz e d  tr a j e c to r ie s in d iffe r e nt sna p sho ts d isp l a ye d  
Figure 4. (a) The exit path of the substrate molecule in time (1-5) in 1mj5. This path was used as the 
initial trajectory. (b-d) Different types of visualization of a channel dynamics in certain snapshots (1-5). 
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a s a  se t o f sp he r e s ( b )  o r  a  sur fa c e  ( c ) .   I n ( d ) ,  the  
who le  sc e ne  is c lip p e d  using the  fr o nt c lip p ing p la ne  
a p p r o xima te ly in the  mid d le  o f the  c ha nne l.  I n this  
c a se  we  c a n o b se r ve  the  sub str a te  mo le c ule  p a ssing 
thr o ugh the  c ha nne l.  
N o tic e  tha t the  p r e vio us e xa mp le  d e mo nstr a te s a  
p o ssib le  use  o f this me tho d  o n d yna mic s whe r e  a n 
e xit r o ute  is kno wn b e fo r e .  I f suc h r o ute  is no t 
kno wn,  c he mists ha ve  to  d e fine  the  initia l tr a j e c to r y 
the y wa nt to  o b se r ve .  T he  d e finitio n c a n b e  d o ne  b y  
ha nd  o r  the  wid e st c ha nne l fr o m a  single  sna p sho t o f 
the  d yna mic s c a n b e  use d .   
T he  b e ha vio ur  o f the  c ha nne l in the  a na lysis ind ic a te s 
whe the r  a  c e r ta in sub str a te  wo uld  b e  a b le  to  p a ss 
thr o ugh this c ha nne l.  
T he  se c o nd  d a ta  se t c o nsiste d  o f a  se t o f nine  
mo le c ule s o f typ e  rdcl,  whic h we r e  str uc tur a lly 
simila r .  T he y we r e  muta nts o f the  sa me  p r o te in 
mo le c ule  ( o nly a  fe w r e sid ue s we r e  d iffe r e nt in e a c h 
o f the  muta nts) .  T he  d yna mic s o f e a c h muta nt 
c o nsiste d  o f 4 0 0  sna p sho ts.  W e  tr a c ke d  the  sa me  
initia l tr a j e c to r y in a ll d yna mic  se q ue nc e s.  
T he  b e ha vio ur  o f r e sulting c ha nne ls wa s a na lyz e d  in  
te n unifo r mly d istr ib ute d  p o ints a lo ng the ir  
c e nte r line s.  T he  fir st p o int r e fe r s to  the  c ha nne l 
e nd p o int in the  a c tive  site  a nd  the  te nth p o int is the  
c ha nne l e nd p o int lo c a te d  ne a r  the  mo le c ule  sur fa c e .   
Fo r  e a c h d yna mic s,  sta tistic s a b o ut the  p ulsing o f a  
c ha nne l in e a c h o f the se  se gme nts we r e  c o mp ute d .  
T he  sta tistic  fo r  se le c te d  mo le c ule s is sho wn in Fi g.  
5 .  T he  a ve r a ge  wid th,  minima l wid th a nd  ma xima l 
wid th ( y-a xis)  a r e  sho wn fo r  e a c h o f the  te n p o ints  o n 
the  x-a xis.  O ne  o f the  p o ssib le  inte r p r e ta tio ns o f the  
d a ta  in the se  c ha r ts is the  fo llo wing.  All c ha nne ls  te nd  
to  b e  mo r e  sta b le  ne a r  the  a c tive  site  whe r e a s c e r t a in 
o p e ning a nd  c lo sing o f a  c ha nne l ha p p e ns ne a r  the  
mo le c ule  sur fa c e .  I t c a n b e  se e n tha t in c a se  o f 
wt_rdcl  ( Fig.  5 ,  wt_rdcl )  the  fir st ha lf o f a  c ha nne l 
r e ma ine d  o p e n d ur ing the  who le  se q ue nc e  with r a d ius  
va r ying fr o m 0 . 8 Å 1  to  2 . 6 Å whe r e a s the  r a d ii in the  
se c o nd  ha lf va r ie d  mo r e  signific a ntly.  
T his info r ma tio n he lp s c he mists to  e stima te  whic h o f 
the  muta nts is the  mo st suita b le  fo r  a  c e r ta in sub s tr a te  
mo le c ule  to  p e ne tr a te  into  the  p r o te in.   
T he  visua liz a tio ns in Fig.  4  we r e  c r e a te d  using p yM o l 
so ftwa r e  [ D e L0 2 ] .  
As a  thir d  te st c a se ,  we  ha ve  a na lyse d  the  wid th o f  a  
c ha nne l in the  se q ue nc e  o f 2 5 0  sna p sho ts o f  
21_rdcl.cl  using the  c luste r ing  me tho d  [ B e n0 9 ]  a nd  
the  p r o p o se d  me tho d .  I n Fig.  6 ,  it c a n b e  se e n tha t  
b o th me tho d s p r o vid e  simila r  r e sults.  I n the  c a se  o f 
c luste r ing me tho d  ( Fig.  6 a )  the  wid th o f a  c ha nne l is 
usua lly slightly la r ge r .  H o we ve r ,  the r e  a r e  sna p sho ts 
in whic h the  c ha nne l is no t d e te c te d .  O n the  c o ntr a r y,  
the  p r o p o se d  me tho d  ( Fig.  6 b )  d e te c ts the  c ha nne l i n 
a ll sna p sho ts.  T he r e fo r e  we  c a n use  r e sults o f this  
me tho d  to  a d d  the  missing c ha nne l d a ta .  
W e  ha ve  a lso  e va lua te d  the  d ista nc e s b e twe e n 
c ha nne ls in a ll c o nse c utive  sna p sho ts a c c o r d ing to  the  
d ista nc e  func tio n d e fine d  in [ B e n0 9 ] .  I n c o mp a r iso n  
with the  gr a p h c utting c luste r ing me tho d ,  the  d ista nc e  
                                                           
1  1  Å =  1 0 - 10  m  
Figure 6. The analysis of the width of a channel 
in the sequence of 250 snapshots using 
(a) the clustering method, (b) the proposed 
method. The dashed green line denotes the 
biochemically important value 1.4Å 
Figure 5. Charts depicting channel statistics for selected protein dynamic sequences. The x-axis denotes 
uniformly distributed points on a centerline and the y-axis denotes the variation of channel width in 
these points throughout the dynamics: maximum width, minimum width and average width in the 
whole sequence. 
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b e twe e n c ha nne ls c o mp ute d  using the  p r o p o se d  
me tho d  is muc h sma lle r .  T he  e xa mp le  fo r  the  
se q ue nc e  21_rdcl.cl  c a n b e  se e n in Fig.  7 .  T he  
a ve r a ge  d ista nc e  fo r  the  p r o p o se d  tr a c king me tho d  
wa s 0 . 7 7 Å whe r e a s the  a ve r a ge  d ista nc e  fo r  the  
c luste r ing me tho d  wa s 2 . 0 3 Å.  D ue  to  the  fa c t tha t t he  
a ve r a ge  d ista nc e  is sma ll,  the  p r o gr e ss o f a  c ha nne l 
o ve r  time  c a n b e  e a sily a nima te d .  
5. CONCLUSION 
T he  p r o p o se d  me tho d  a llo ws tr a c king a n initia l 
tr a j e c to r y in the  d yna mic s.  T he  me tho d  is b a se d  o n 
c o mp uta tio na l ge o me tr y a nd  is fa st a nd  r o b ust.  
E xc e p t fo r  c o mp uta tio n o f the  D e la una y tr ia ngula tio n,  
it use s o nly b a sic  ge o me tr y te sts.   
W e  ha ve  a lso  p r e se nte d  se ve r a l a p p lic a tio ns o f this  
me tho d .  T he  o p timiz a tio n is o f ke y imp o r ta nc e  whe n 
p e r fo r ming smo o th a nima tio n o f c ha nne l p r o gr e ss 
a c r o ss sna p sho ts o ve r  time .   
T he  p r o p e r tie s o f r e sulting o p timiz e d  tr a j e c to r ie s c a n 
p r o vid e  use ful info r ma tio n a b o ut the  p r o te in 
mo le c ule .  T he  p o ssib le  inte r p r e ta tio n o f suc h r e sul ts 
ha s b e e n sugge ste d .  T he  p r e se nte d  me tho d  c a n a lso  
b e  use d  in sna p sho ts whe r e  r e c e nt me tho d s a r e  no t 
c a p a b le  o f d e te c ting the  c ha nne l ge o me tr y.  
As fo r  the  futur e  wo r k,  we  p la n to  inte gr a te  this 
me tho d  within the  c o mp le x so ftwa r e  a p p lic a tio n 
Ca ve r  V ie we r  ( http ://lo sc hmid t. c he mi. muni. c z /c a ve r / )  
whic h is d e signe d  fo r  the  visua liz a tio n a nd  a na lysi s o f 
p r o te in mo le c ule s.   
6. ACKNOWLEDGMENTS 
T his wo r k wa s sup p o r te d  b y T he  M inistr y o f 
E d uc a tio n o f T he  Cz e c h Re p ub lic ,  Co ntr a c t N o .  
LC0 6 0 0 8  a nd  b y T he  G r a nt Age nc y o f T he  Cz e c h 
Re p ub lic ,  Co ntr a c t N o .  2 0 1 /0 7 /0 9 2 7 .  
7. REFERENCES 
[ Ald 5 9 ]  Ald e r ,  B .  J . ,  a nd  W a inwr ight,  T .  E . ,  Stud ie s 
in mo le c ula r  d yna mic s.  i.  ge ne r a l me tho d .  T he  
J o ur na l o f Che mic a l P hysic s,  vo l.  3 1 ,  no .  2 ,  p p .  
4 5 9 – 4 6 6 ,  1 9 5 9 .  
[ B e n0 9 ]  B e ne š,  P . ,  M e d e k,  P . ,  a nd  So c ho r ,  J .  
Co mp uta tio n o f c ha nne ls in p r o te in d yna mic s.  
I AD I S I nte r na tio na l Co nfe r e nc e  Ap p lie d  
Co mp uting 2 0 0 9 ,  Ro me ,  p p .  2 5 1 -2 5 8 ,  2 0 0 9   
[ D e L0 2 ]  D e La no ,  W . L.  T he  P yM O L M o le c ula r  
G r a p hic s Syste m ( 2 0 0 2 )  o n W o r ld  W id e  W e b  
http ://www. p ymo l. o r g 
[ M e d 0 7 ]  M e d e k P . ,  B e ne š P . ,  So c ho r  J . : Co mp uta tio n 
o f tunne ls in p r o te in mo le c ule s using D e la una y 
tr ia ngula tio n.  J o ur na l o f W SCG  1 5 ,  1 – 3 ,  p p .  1 0 7 –
1 1 4 ,  2 0 0 7 .  
[ P e t0 6 ]  P e t ř e k,  M . ,  O tye p ka ,  M . ,  B a ná š,  P . ,  K o šino vá  
P . ,  K o č a ,  J . ,  a nd  D a mb o r ský J .  CAV E R: a  ne w 
to o l to  e xp lo r e  r o ute s fr o m p r o te in c le fts,  p o c ke ts  
a nd  c a vitie s.  B M C B io info r ma tic s,  2 0 0 6 .  
[ P e t0 7 ]  P e t ř e k,  M . ,  K o šino vá ,  P . ,  K o č a ,  J . ,  a nd  
O tye p ka  M . : M o le : A V o r o no i d ia gr a m-b a se d  
e xp lo r e r  o f mo le c ula r  c ha nne ls,  p o r e s,  a nd  
tunne ls.  Str uc tur e  1 5 ,  1 1 ,  p p .  1 3 5 7 – 1 3 6 3 ,  2 0 0 7 .  
[ P r e 8 5 ]  P r e p a r a ta ,  F. P . ,  a nd  Sha mo s,  M . I .  
Co mp uta tio na l G e o me tr y: An intr o d uc tio n.  
Sp r inge r -V e r la g,  1 9 8 5 .   
[ Y a f0 8 ]  Y a ffe ,  E . ,  Fishe lo vitc h,  D . ,  W o lfso n,  H .  J . ,  
H a lp e r in,  D . ,  a nd  N ussino v,  R. : M o la xis: E ffic ie nt 
a nd  a c c ur a te  id e ntific a tio n o f c ha nne ls in 
ma c r o mo le c ule s.  P r o te ins,  7 3 ( 1 ) :7 2 -8 6 ,  2 0 0 8 .  
 
 
 
 
Figure 7. Distances between channels in 
consecutive snapshots for tracking and 
clustering method. First 250 snapshots 
containing channels were considered.  
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